computed tomography (MDCT) has developed remarkably in the past several years, with improvements in spatial and temporal resolution. [1] [2] [3] Several studies have focused on its usefulness for assessing the coronary artery lumen, and others studies have demonstrated its capability to evaluate coronary plaques, so the technique has gained acceptance as a valuable tool for coronary imaging in the clinical setting. [4] [5] [6] [7] [8] [9] [10] [11] Because of the retrospective acquisition, the same data acquired for coronary computed tomography (CT) imaging can also be reconstructed over a cardiac cycle, allowing dynamic cardiac imaging; and we recently reported that wall motion and systolic thickening could be accurately estimated as functional parameters. 12-14 ECG-gated MDCT technology can therefore evaluate cardiac blood flow from virtually any perspective, including important angles for the interventional approach and for myocardial perfusion.
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Of these potential applications of cardiac MDCT, myocardial perfusion has so far been less investigated, but its assessment is important for the diagnosis of ischemia and infarction, and for the therapeutic strategy and follow-up. An evaluation of myocardial blood flow (MBF) is also important for studying the pathophysiology of the disease process. A few studies have reported the utility of cardiac MDCT to qualitatively assess myocardial perfusion using a late-enhancement protocol and the adenosine triphosphate (ATP) load technique, [15] [16] [17] [18] [19] but quantitative evaluation studies have not been carried out.
Therefore, in this study, we investigated the feasibility of cardiac MDCT technology for quantitative assessment of MBF using the ATP-load technique.
Methods

Patients
From April 2006 to May 2007, taking the exclusion criteria into account, 14 patients (11 men, 3 women, age range 52-79 years, mean 69.2 years) underwent ATP-provocation contrast enhanced MDCT, stress thallium-201 myocardial perfusion scintigraphy (MPS), and conventional coronary angiography (CAG). The entry criteria were: (i) de novo effort or rest angina (documented ST-T change on ECG, or relieved by administration of nitroglycerin); (ii) no history of CAG; and (iii) asymptomatic patients with a high probability of coronary artery disease (CAD) (ie, multiple coronary risk factors) or abnormal findings on stress ECG and single-photon emission computed tomography (SPECT). The ATP-load cardiac CT and CAG had an average 40-day interval, and the ATP-load cardiac CT and MPS inspection had an average interval of 29.2 days. Patient characteristics are shown in Table 1 . No patient had a history of previous myocardial infarction (MI) and there were no significant differences between men and women in age, clinical symptoms and coronary risk factors. The exclusion criteria included: (i) MI; (ii) unstable angina (onset of angina within past month; severe or worsening clinical symptoms); (iii) greater than first degree atrioventricular block; (iv) deteriorated renal function (serum creatinine >1.5 mg/dl); (v) pregnancy, hyperthyroidism or a known allergic reaction to contrast media; (vi) severe left ventricular (LV) dysfunction (LV ejection fraction <20%); (vii) known history of bronchial asthma, and (viii) congestive heart failure of New York Heart Association class IV.
All patients gave informed consent and the protocol was approved by the hospital's ethics committee. Fig 1 shows the ATP-load cardiac CT protocol. Patients were scanned in a fasting state while supine. They had refrained from having caffeine (coffee) from the evening before the test.
ATP-Load Cardiac CT Protocol
ATP (ADETPHOS-L, Kowa, Tokyo, Japan) was infused over 3 min at a rate of 0.16 mg·kg -1 ·min -1 using an infusion pump system (Teru-Fusion, Syringepump. TE-3320C, Terumo, Tokyo, Japan) through a peripheral venous catheter on the opposite side of the cubital vein to the contrast infusion. Three minutes after the ATP infusion, 20 ml of contrast medium and 20 ml of saline was injected at a rate of 3 ml/s. Contrast medium passage in the left atrium (LA) was monitored and after it had reached the LA, scanning at the level of the middle of the LV was performed in cine mode during breath-holding for 20 s. 16-MDCT (LightSpeed Ultra 16, GE Healthcare, Milwaukee, WI, USA) was used with the following parameters: non-ECG-gated cine scan, 912 channel detectors along the gantry and 16 channel detectors along the z-axis, tube voltage 120 kV, tube current 50 mA, scan FOV 25 cm, gantry rotation 0.6 s/rotation, matrix 512× 512, slice width 200 mm. The region of interest (ROI) was placed on the obtained dynamic data and the time -density curve was analyzed by Patlak plot methods (Fig 2) .
MBF
MBF was estimated from the slope of the linear regression equation between Int_Cb(t)/Cb(t) and C(t)/Cb(t), where C(t) and Cb(t) represent the concentration of contrast agent at time t in the tissue and blood, respectively, and Int_Cb(t) is the integral of Cb(t). 20 graphical image.
Stress Thallium-201 MPS
Stress thallium-201 MPS was performed according to the American College of Cardiology (ACC)/American Heart Association (AHA)/American Society of Nuclear Cardiology (ASNC) guidelines for the clinical use of cardiac radionuclide imaging. 21 Stress was induced pharmacologically through intravenous infusion of ATP (5 min infusion of 0.16 mg·kg -1 ·min -1 ) as described by Miyagawa et al. 22 Standard ECG, vital signs and general condition were continuously monitored. Three minutes after the continuous infusion of ATP, 111 MBq of thallium-201 (Daiich Radioisotope Laboratories, Tokyo, Japan) was injected intravenously and flushed with saline. Early-phase SPECT was acquired 10 min after the start of ATP stress infusion and late SPECT images were acquired 4 h later.
SPECT images were acquired using a 3-headed SPECT system (GCA 9300; Toshiba, Tokyo, Japan and Scintipac 2400; Shimadzu, Kyoto, Japan). Tomographic reconstruction was performed using a standard filtered back-projection technique with a Lamp filter to produce a transaxial tomogram. Neither scatter nor attenuation correction was applied. From the transaxial tomograms, the long-axis of the LV was identified and oblique-angled tomograms were generated (ie, vertical long-axis, short-axis and horizontal long-axis tomograms).
The LV was classified into 17 segments according to the AHA classification, and classified into each coronaryartery rule region. The percent uptake of each segment was calculated: ≥80% = 0, ≥66% = 1 point, ≥50% = 2 points, ≥35% = 3 points, <35% = 4 points; scoring was carried out, and the summed stress score (SSS) of the whole cardiac muscle and the percent total myocardium ischemia for each coronary artery were calculated. [23] [24] [25] [26] The SSS was 1-2 = normal, 3-6 = mildly abnormal, 7-9 = moderately abnormal, 10 or more = severely abnormal, and the percent total myocardium ischemia was scored as <5% = normal, >5% and <10% = mildly abnormal, >10% and <16% = moderately abnormal, and >16% = severely abnormal.
This study designated moderately abnormal and severely abnormal as significant ischemia.
CAG
Conventional CAG images were obtained routinely using 5-Fr catheters with an angiography system (Philips Allura Xper FD10/10). Acquisition parameters were: 15 frame/s and manual injection of contrast medium (2.5 ml/s). The angiograms were saved to CD-ROM and interpreted by 2 experienced cardiologists who were unaware of the MDCT results. The results of CAG were quantitatively evaluated using commercially available software (QCA-CMS system version 3.0, MEDIS, Leiden, The Netherlands). In both assessments, coronary segments were defined according to the AHA classification (15-segment model) and stenosis ≥75% was defined as significant.
Statistical Analysis
Data are presented as the mean value ± SD as appropriate. Agreement between perfusion CT and MPS was statistically analyzed with Fisher's exact probability test. For determining the accuracy of coronary CT-angiography, the following calculations were used: assessability% =100 × number of segments that could be evaluated/all segments; sensitivity% =100 × number of stenoses detected/all stenoses evaluated by CT-angiography; specificity% =100 × number of non-stenoses assessed/all non-stenoses evaluated by CTangiography. All statistical analyses were performed using SPSS software (version 11.1; SPSS, Chicago, IL, USA); p<0.05 was considered significant.
Results
All 14 patients completed the ATP stress MDCT protocol without significant side-effects: 7 patients complained of feeling flushed, and 3 complained of chest discomfort; however, all of these events were transient and disappeared soon after the termination of ATP infusion, and none required aminophylline infusion to reverse the adverse effects. The mean heart rate in the ATP post-stress state was significantly higher than that in the ATP pre-stress state (Fig 3) .
CAG
In CAG, significant stenosis (≥75%) was detected in 11 of 42 main coronary branches in 9 of 14 patients: 7 patients had 1-vessel disease, 2 had 2-vessel disease, and none had 3-vessel disease. Of the 11 stenoses, 8 were in the left anterior descending (LAD) artery, 2 were in the left circumflex artery (LCX), and 1 was in the right coronary artery (RCA).
SPECT
Moderate to severe abnormal findings were seen in 6 of 14 patients (8 ischemic segments, 34 non-ischemic segments) on 201 Tl SPECT: 4 patients had 1-vessel disease, 2 had 2-vessel disease, and none had 3-vessel disease. Of the 8 ATP-loaded MPS-positive territories, 4 were in the LAD territory, 4 were in the RCA territory, and none were in the LCX territory.
MBF on MDCT
The overall average MBF in the 42 main coronary territories of 14 patients was 1.83±0.62 ml·g -1 ·min -1 . Average MBF was 1.51±0.65 ml · g -1 · min -1 in the LAD, 2.11± 0.69 ml·g -1 ·min -1 in the LCX, and 1.89±0.38 ml·g -1 ·min -1 in the RCA. On CAG the mean MBF in territories with Average myocardial blood flow (MBF) in territories with moderate to severe ischemia on myocardial perfusion scintingraphy (MPS, n=8) was 1.32±0.14 ml·g -1 ·min -1 (mean ± SD), while mean MBF in territories without severe ischemia (n=34) was 1.95±0.64 ml· g -1 ·min -1 . (Fig 4) . On MPS the average MBF in territories with moderate to severe ischemia (n=8) was 1.32±0.14 ml· g -1 · min -1 and 1.95±0.64 ml · g -1 · min -1 in territories without ischemia (n=34) (p<0.01) (Fig 5) . As compared with normal territories, significant differences in the average MBF were in territories with ischemia on MPS, or with stenosis on CAG (p<0.01).
When the cutoff value of CT-MBF was set at 1.5 ml·g -1 · min -1 , there was good correlation between CT-MBF and SPECT, and between CT-MBF and CAG. CT-MBF vs CAG: sensitivity =72.7%, specificity =80.6%, PPV=57.1%, NPV=89.3%, accuracy =78.6%; CT-MBF vs SPECT: sensitivity =87.5%, specificity =79.4%, PPV =50.0%, NPV = 96.4%, accuracy =81.0% (Fig 6) .
Discussion
To our knowledge, this is the first report of using MDCT to quantify MBF using the ATP stress test in patients with CAD.
A myocardial perfusion abnormality is an important step in the ischemic cascade, and it is useful to assess the extent and severity of myocardial ischemia for risk stratification of patients with CAD. Clinically, MBF is quantified using MPS, 22 magnetic resonance imaging (MRI) 27, 28 or positron emission tomography (PET). 29, 30 In previous studies using PET or MRI, a correlation between the degree of coronary stenosis and MBF has been found. 31 Although quantification analysis of MBF is generally done with dynamic MRI, PET etc, special equipment is required, which is expensive, and it has limited spatial resolution. For MRI, patients with a pacemaker are contraindicated, and in PET, the pretreatment is complicated and time-consuming. If MDCT is able to effectively assess MBF, myocardial perfusion information can be obtained much more simply during a short period of time.
Recently, several reports of myocardial perfusion imaging using MDCT have stated that ECG-gated MDCT was able to depict ischemia in patients with CAD, and the findings agreed with those for MPS and CAG, comparing pre-and post-provocation tests with ATP; however, they were qualitative or visual assessments. In the present study, the measurement of MBF was successful as a quantitative analysis (Fig 7) and our results were validated by the SSS in MPS and the severity of stenosis on CAG. Although the assessment of coronary stenosis is often difficult in cases of severe calcification in the coronary arterial wall, MBF measurement is still possible and the information obtained of great benefit for estimating coronary stenosis. In this study, the HR increased during ATP loading, and there were data that could not be analyzed because of motion artifacts; however, the data could be interpolated from the dynamic scan.
We used only 20 ml of 300 mg-I/ml contrast medium, which considerably reduced the likelihood of side-effects in the kidney. However, the contrast resolution of MDCT was much less than that of MRI, so determining the optimal amount of contrast medium for evaluation requires further examination.
Our results show that MBF on ATP load decreases in the ischemic territories shown by CAG and MPS, which was encouraging because they suggested the possibility of quantitative analysis of MBF using first-pass dynamic MDCT; however, these values were somewhat lower than the values reported for PET-NH3, -oxygen15 and dynamic MRI. In past examinations using PET, MBF of the normal myocardium using an ATP load was 3-5 ml·g -1 ·min -1 , and at rest it was 1.0-1.5 ml·g -1 ·min -1 , 28 which suggests that we need to correct the extraction fraction. However, this is an initial report of quantification analysis of MBF using MDCT examination and comparison of our method with quantitative PET study is necessary to validate its feasibility for the future.
With further development of MDCT (ie, 256-detector row MDCT), dynamic cine scanning of the whole heart will become possible. 32 Of course, caution will be needed with the increased radiation dose required. Flow reserve is usually assessed by comparing stress MBF with rest levels. In the present study, only stress blood flow was estimated because the radiation dose during dynamic MDCT is not very low. We need to minimize the radiation dose for clinical use and in that regard MRI is superior to MDCT for evaluation of myocardial perfusion. In our phantom study using a thermo-luminescence dosimeter, the radiation dose for dynamic acquisition was 6.8 mSv, compared with approximately 15 mSv for coronary CT-angiography. We may be able to manipulate the dynamic data and interpolate them to reduce the radiation dose by almost 50%. Dose modulation cine scanning using prospective ECG-gating will also reduce the radiation dose in cine acquisition. A radiation dose of approximately half that used for coronary CT-angiography would be better for patients with life threatening CAD.
Study Limitations
First, the number of patients is small. Second, because the hospital does not have a PET system, we could not compare our method with a quantitative PET study, which is necessary to validate feasibility. Moreover, our 16-MDCT system only has a 20-mm width, so we could not obtain data for the whole myocardium; therefore, a small branch with only a small segment may not have been detected. Future MDCT with wide coverage will solve this problem. Flow reserve is usually assessed by comparing stress MBF with rest values, but we only estimated stress blood flow because the radiation dose for dynamic MDCT is currently too high.
Conclusion
This study suggests that MDCT can be used to quantifying MBF from first-pass dynamic data.
